
jg$
.4 copy

RML55C22

,

I
1
I

‘“K..~ ,“. ,

“.=’
.

RESEARCHMEMORANDUM’

ANEVALUATIONOFA ROLLERON-ROLL-RATESTABILIZATION

SYSTEMFORA CANARDMISSILECONFIGURATIONAT

MACHNUMBERSFROM0.9 TO 2.3

ByMartinL. Nason,ClarenceA. Brown,Jr.,
andRupertS. Rock

LangleyAeronauticalLaborAory
LangleyField,Va.

NATIONALADVISORYCOMMiTTEE
FORAERONAUTICS

WASHINGTON
September15, 1955

,. .:.,

-- —--- -- .—..—- _. .-— .-.



——. . -v

N

!,

*

NACARM L55C22
Eti{iKil>,.,mwgm!m!! QIJ43574

NATIONALADVISORYCCMMD3XEFORAERONAUTICS

*
RESEARCHMEMORANDUM

AN EVALUATIONOFA RO.LLERON-ROLJX3ATE9MBILIZM!ION

SXSI’EMFORA CANARDMISSILECONFIGURATIONM!

MACHNUMBERSFlW340.9TO 2.3

ByMartinL.Nason,ClarenceA. Brown,Jr.,“
andRupertS.Rock

\
mMMARY

A linearstabilityamlysisanda flight-testinvestigationhave
beenperfomnedona rolleron-roll-ratestabilizationsystemfora canard
missileconfigurationthrougha Machnumberrangefrom0.9to 2.3. This
typeofdamperprovidesrolldampingby theactionof~o-actuated
uncoupledwing-tipailerons.A dynamicrollinstabilitypredictedby
theanalysiswasconfirmedby flighttestingandwassubsequentlyelim-
inatedbytheintroductionof control-surface&uupingaboutthe rol.leron
hingeline.Thecontrol-surfacedampingwasprovidedby an orifice-t~e
dsmpercontainedwithinthecontrolsurface.Steady-staterollingveloci-
tieswereatalltimeslessthan1 radianpersecondbetweenMachnumbers
of0.9to 2.3ontheconfigurationstested.Aftertheintroductionof
control-surfacedamping,no adverselongitudinaleffectswereexperienced
inflightbecauseofthetendencyofthefree-floatingrolleronsto couple
intothepitchingmotionatthelowanglesq~ attackanddisturbancelevels
investigatedherein. ,..&+.&.

... ., ..

\ INTRODUCI!ION

Oneoftheproblemsfrequentlyencounteredinmissiledesignisthat-
ofprovidingadequaterolldsmping.Thisproblemisprimarilya conse-
quenceofthepredominanceoflow-aspect-ratiosurfacesonmissilecon-
figurations.Veryoftenthisproblemis solvedby a se?vamechanismwhich
sensesrollrateandactuatesa controlsurfaceto givethenecessary
damping. Unfortunately,however,theseservomechanismsreqtiretissile
spaceandtheirinherentcomplexitytendsto decreasetheoverallrelia-
bilityofthemissile.Recently,a unique,simple,andpuqelymechanical
rolldsmperwhichrequiresno internalcomponentswasdesignedformissile
applications.(Seeref,1.) Rolldampingisachievedinthissystemby
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independentlyactingwing-tipailerohswithenclosedairstream-impelled
roll-rate-sensitivegyrowheels. The spinaxisofthegyrowheelis
perpendiculartotheplaneofthewingwhentheaileronis intheunre-
flectedposition.Thistypeofrolldamperisreferredto as a rolleron.
A stabilityanalysishasbeenperformedona”canardmissileconfiguration
onwhichthistypeofrolldamperwasinstalled.Inorderto determine

“thevalidityoftheanalyticalappr~chadopted,a flightinvestigateion
wasinitiatedandtworesearchmodelsweresubseqwntlyflown.Data
obtainedfromtheserocket-modeltestsconfirmedtheanalysisandthus
provideda reliabledesignapproachforrol.leron-typedampersonmissile
configurations.

IsmmLS

L, rclltigmoment,ft-lb

H rolkron hinge moment,ft-lb.

Q missilerollsngle,deg

8 rolleronangulardeflection,radians

‘% mesmvalueofmissile

‘o
missilerolldsmping,

rollvelocity,deg/sec

~,
*

ft-lb/radian/sec

h rolleron

% rolleron

% rolleron

controleffectivenessparsmeter, &# ft-lb/radi~

Mnge-momentpsrameter,
%

ft-lb/radian“

control-surfacedamping,
%

ft-lb/radian/sec

loaddisturbanceinroll,f-t-lb
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massofrolleron,slugs

distancefrommissilelongitudinal&s to arbitrarymass
pointh rolleron

distancefromrolleronhingelineto arbitrarymasspoint
inrolleron

distancefrommissilelongitudinalaxistorolleroncenter
. of gravity;ft

distancefromrolleronhingelinetorolleroncenterof
gravity,ft

massunbalsmepsmmeter,J Zddm= mf ~, slug-ft2
R

momentofinertiaofmissileaboutlongitudinalaxis,slug-ftz

momentoftiertiaof,rolleronabouthingeline,slug-ft2

momentof inertiaofroll.erongyrowheel
slug-ftz

gyro-wheelangularvelocity,radiam/sec

aboutspinaxis,

angularmomentumofgyrowheel,

halfamplitudeof self-sustained
deg/sec

frequencyof self-sustainedroll.

Reynoldsnumberbasedonmissile

Machnumber

missilevelocity,ft/sec

IG~, dug-ft2—radian/sec

roll-velocityosciIlation,

oscillation,cps

length

dynamicpressure,lb/sqft
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Da‘G

A do%

dampingratioof quadraticfactor

body

body

wing

over

cross-sectional

diemeter,0.416

span,l.~ ft

area,0.136ft2

ft

a symboldenotesa derivativewithrespectto

ROLLERONOPERATIONANDMISSILEROLLSPECIFICATION

OperatingPrinciple

time.

!

A diagrammaticsketchoftheroll-controlsystemis showninfiR-
ure1. Thesystemconsistsofanaileronhinged-neartheleadinged~e-.
Enclosedintheaileronisa gyrowheelwiththespinaxisperpendicular
totheplaneofthewingintheundefle$tedaileronposition.Ifthemis-
sileis‘imdergoinga rotig velocity@ indicatedbythearrow,the
aileronwillbe subjectedto a gyroscopichingemomentH. Thegyro-
scopichingemomentcausesanailerondeflectionwhichinturncreates
a rollingmoment~ ina directionoppositetotheinitiallyassumed
rollingvelocity@. As a result,resistanceto rollingisproducedand
therolldampingofthemissileisgreaterthantheinherentaerodynamic
rolldampingby ansmountdeterminedby therolleffectivenessofthe
aileron.Obviously,theutilityofthisdsmperisdeterminedbythe
amountofdampingcontributedtothemissilewithoutsimultaneouslyintro-
ducingundesirableeffectsonthelongitudinalmotionandrollstability.

Roll-PerformmceSpecifications

Theassumedroll-performancespecificationsofthemissileconfigu-
rationtestedhereinwhichwillserveasa criterioninevaluatingthe
flight-testdata,are:

(1)Flightcondition:Itis”reqtiredthatthemissileflyat alti-
tudesfromsealevelto 40,000feetandatMachnumbersfrom1.2to 2.5.

(2)Staticcharacteristics:Thesteady-statedampedrollratemust
be lessthan1 radianpersecond.

—— — .— -— .— —— .
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~(3)Dynamiccharacteristics:Therol.leronsystemmustbe dynamically
stableinthesensethatany”oscillatorymodespresentpossesspositive
***

MODEIS

Detailedsketchesofthetwotestvehiclesemployedinthisinvesti-
gat-ionareillustratedinfigure2 andphotographsofthemodelsarepre-
sentedinfigure3. ModelA (fig.2(a))differsfrommodelB (fig.2(b))
inthata control-surfacedamperabouttheaileronhingelinehasbeen
addedtomodelB. A detaileddiscussionofthedamperdevelopmentand
constructionisincludedina latersection.Missileliftingandcontrol
surfacesareshowninfigure4. .Thecanardsurfaceshad66°37’delta-
~ptifo~ tithamdified single-wedgeairfoilsectionofconstant
thiclaless. Wingswereoftrapezoidalplanformwiththeleadingedge
sweptback45°.

Theexperimentallymeasuedmass,inertia,anddsmpingcharacteris-
ticsof eachmcdelwe givenintableI. Slightchangesh theparam-
eters IRj m, and d frommodelA toB weredue“essentiallyto the
rolleronstructuralmodificationsnecessaryto ticreasethecontrol-swface
damping.

Foranalysis
restrictedtotwo
longitudinalaxis

ROLLERON-SYSTEMSTKKCLITYAN&LYSIS

EquationsofMotion

PQOses it isassumedthattherollingmotionis
degreesoffreedom:(1)missilerotationaboutthe
# and(2)control-surfacerotationaboutthehinge

line 5● If itis~her’”assumedthattheaerodynamicforcesandmoments
dependlinearlyontheirrespectivevariablesandthattheangularmomen-
tumvectorofthegyrowheelisessentiallyperpendiculartotheplane
ofthewhgj theequationsofmotionmaybe expressedas follows:

Rollingmoment:

,.—----

(1)

. .. — -—.—-—-—-— —-. ——— .. .—.——
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Hingemomemt:

Thesignconventiondefiningpositivedirections
anglesis showninfigure5. Equation(2)appliesto
ailerons,sinceeachisundergoinga simils.rmotion.

NACARM 155C22

(2)

ofmomentsamd
anyoneofthefour

StaticRelationships

Solvingequations(1)and (2)fortheratioofappliedrolling
moment~ tothesteady-staterollingvelocity(18s,andcontrol-
surfacedeflection5s8,“respectively,results

-L 4&

Thesecondtermontheright-hand

inthefollowingequations:

(3)

(4)

equation(3)is si@fi-
cantinthatitrepresentstheroll-dampingcontributionoftherollerons
tothemissileandthepertinentphysicalquantitiesuponwhichitdepends.
ExaminationofthistermMicates thattherollerondamp- contribution
isdirectlyproportionaltothe~o-wheel angularmomentumandtheratio
ofaileronrolleffactiveness~ totheaileron hhge-momentparam-
eter H5.

Stability-13xmdmy(%@.I’tS

Rewritingequations(1).and (2)by us3ngoperatornotationgives

(92-H/)

— .—

_.L+(+12+H&D+HJ,=o

(5)

(6)

——...—.—z ——.—. .-—— .......—— — .



.-——. ..— ——

NACARM L55C22

Thecharacteristic

where

A stableroll

equationis

a&~D2o

systemwtKlexistif,andonlyif,thefollowing

7

(7)

relationshipsbetwe&thecoefficientsofthech&ac&eristicequation(7)
aresatisfied.Seereference2 fora derivationoftheseco,pditiom.

a. >0

a-p’”

a1a2- ao~3>0 (OscihtoqyStd)~~ bomdary)

y-o (Staticstibilitybouudary)

Theactualstabilityboundariesareobtainedby settingtheaboveexpres-
sionsequalto zero.

In figures6 to U. areshownthestability-boumdaryplots,based
upontheabovestabilityconditions,obtainedby usingthemeasurd
rolleroncharacteristicsandtherollinertiaatburnoutofmodelsA
andB givenintableI. Sticeno experimentaldataexistatthepresent
timefortheaerodynamiccharacteristics(%, %,-d Hb~,the_s
werecalculatdwiththeseparametersastheprincipalvzcriables.. Each
figurehasbeenplottedwith ~ astheordinateand ~ astheabscissa
fortheestimatedminimmandmaximummissilerolldamping,‘d = -o.@

,
and->.0ft-lb/radian/secandgyro-wheelspinratesof 101~, 30,WO,
ad 70,COOrevolutionsperminute1 k orderto ~icate theeffectof

I

.
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control-surfacedamping,threearbitraryvaluesof ~ wereusedinthe

CdC’lllatiOM> ‘0.@j -0.10,and-O.= (formodelA only)f%-lb/radian/see,
inadditiontotheexperimentallymeasuredcontrol-surfacedampingof
modelsA andB. (Seetable1.) Thedarkenedareaineachfiguredesig- W.
natesthevaluesof Hb and ~ anticipatedfortheoperation.ofthe
missileandwasestimatedfromreference3 andunpublisheddata. In
tableIIareshownesthmtedvaluesof Czb, Czp,and C% forthree

Machnumbers.A slightincreaseinthedarkenedareadefinedby this
referenceandtheunpublisheddatawasarbitrarilymadeto accountfor
unlmownfactors.

In general,forbothmodels.A andB a stablesyst~ existsforsmall
valuesofcontrol-surfacedampingifthepyro.wheelspeedis sufficiently
low. As thegyro-wheelspeedisincreased,theoperatingregionofthe
missileliespracticallywitlxlnthedynamicallyunstableregionforrela-
tivelylowvaluesof control-surfacedsmping.Ibrhighertiues of
control-s~acedamping,stabilityisachievedonbothmodelsatthe
highestgyro-wheelratesshown.Thus,fora givensmountof control-
surfacedsmping,thereissmultimate13mitofwheelspeed~orresponding
withstabilityformodelsA andB. Consequently,thesteady-stateroll-
a~ contrib~ionoftherollerontothemissiledefinedin equation(3)
isrestrictedby dynamicstabilityconsiderations.

Theoscillatorystabilityboundariesdrawnfortheexperimentally
measuredcontrol-surfacedampingofmodelsA andB areshowninfigures6
to llby a solidline.ModelA haslessthanthenecessarydampingfor
stabilityasevidencedby therespectivepositionsoftheoscillatory
boundaryandtheoperatingregion.AdequatedampingispresentinmodelB. . sincetheest@atSdop~~tingregionlieswithinthestableregiondefined
by theconditionsof stability.’It shouldbe notedthatthepositionof
thestaticstabilityboundaryisindependentofthecontrol-surface
dsmpingandthatthemissileinherentrolldampingL= hasonlya slight

$
effectonthedynamicrollstabilityoftheroll.eronsystem.

ROLLERON-DAMI!ERDESIGN

Viscous-!QpeDsmper

PreMninarydesignoftherollerondamperformodelB centeredon
a viscous type. h ordertoprovidecontrol-surfacedamping,thisdevice
utilizedfluidina gapbetweena shaftrigidlyconnectedtothetig
andthe.cylindricalrolleronhousing.A gapofO.CX31inch,togetherwith 3
thehighestviscositysiliconefluidavailable(105centistokes),provided

.
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a control-surfacedampingofonly-0.06ft-lb/radisn/sec.
problm associatedwiththesmallgapfurthercomplicated
thisdevice.

9

Misalinatlent
theuseof

orifice-meDamper

l?haldesignoftheorifice-typerollerondamperformodelB is
sho~min figures12and13. Whentherol.leronisdeflected,fluiddamping
isobtainedby restrictingtheflowthroughthetwoorificesformedby
an O.001-inchgapbetweenthevaneshaftrigidlyfastenedtothewing
andthehife edgesofthevee=insertsmountedinsidetherolleroncylti-
driCd housing.Eachorificehada designareaofo.m162squareinch;
however,norigidcontqolofthe’toleranceson themachineworkforthe
componentswasmadeandfi$is esthatedthatactualorificesreaplus
leakagearoundthevsmeandvee-blockendsvariedthedesignvalueby
approximately25percent.Thevaneshaftwastaperpinnedto thewing
atbothendsandpositioningoftheroll.eronontheshaftwasaccomplished
bymesasof shimsat eachend. Leakagewascontrolledby conventional
O-ringseals.A specialtoolwasrequiredforinstallationofthevee-
tisertstomaintaintheproperslinement.

Selectionoftheviscosityofthedamperfluidforthisunitwas
madeonthebasisof elhinathganyspringeffectsduetotheflexibility
ofthewe shaft,sincetherolleronhinge-momentparameter~ isthe
sm oftheaerodynamicanddamperinternalspringforce.ti orderto
simplifytherolll.eroninstallationprocedure,theviscosityofthedamper
fluidwasstandardiz~forthefourunits.Othertestsindicatedthat
themachinetolerancesemployedwereadequatefortherangeofviscosities
presentlyavailableinthesiliconefluids.

ExperimentalTechniquesadMeasurements

Theeffectivenessofthedamperswasascertainedby,experimental
measur~ent.Thelaboratorytestrigusedis shownh figure14. The
expertientaltechniquewasbasedonthefolIhwingasswnptions:

(1)Theroll.eronmotionwasconfinedto one~egree-of-freedom
rotationaboutthehingeline.

(2)Therolleron,whenspringrestrainedanddamped,canbe repre-
sentedby a linearsecond-ordersystem.

Thevaluesof I% werecalculatedfromtherelationship

{

%where 2 — equaled0.25forallthetestruns. Thedamping
lR

●

ratio ~

.- —. .—..— .-. —. ..—
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wasobtainedby comgmrisonof.thesystemtransientresponsewithtypical
responsecurvesof second-ord=systemsto step-functiondisturbances.
Admittedly,thefinaldamperdesi~edformodelB isnota lineardevice;
however,benchtestsappeartovalidatetheuseoflineartheoryfor
designpurposes..

Onthebasisoflaboratorytests,siliconefluidwitha viscosity
of20,0~ centistokeswasselectedas approachingthedampingspecified.
TransientresponsesoftherolleronsinstalledonmodelB, subsequent
to an tiitielldeflectionof10°,areshowninfigure15. Theaverage
valueof Hg = -0.21ft-lb/radian/sec.forthefourrolleronsmeetsthe
dampm reqtiemats. Rolleronnmber 4 exhibitedtheleastdamptng,
probablybecauseof lsrgw tolersmcesin construction;however,theshape
ofthetransientresponseisan excellentillustrationto substantiate
thelineer-second-order-systemassmption.!Cheresponseofrolleron
number1 impliesa higherorderresponseandisattributedto gloser
constructiontolerances.Furthertestswithhigherviscosityfluids
aggravatedthistypeofresponse,whichwasapparentlycausedby a second
springconstantintroducedby a lackofrigidi@ofthevaneshaft.
Rollerons2 and3 exhibiteda dampingratiogreaterthanunity.

l&periencewiththeorificedampershowedno lossof effectiveness
dueto leakageovera periodofmorethantwomonths,whentherollerons
remainedlockedinthestreamlinepositi’on.Testsindicatedthatthe
rigidityofthevaneshaftshouldbe increasedforfutureuseofthis
deviceifgreaterdamp@ isdesired.

MeasurementsontherolleronsofmodelA,whichdidnothaverolleron
dampers,obtainedby us- thetechniquedescribedaboveindicatedthat
a control-surfacedsmpingof -0.0036ft-lb/rsdian/seccouldbe used
torepresentthehinge-ptifrictionforpurposesofroll-systemstability
calculations.

MODELI?IWHT-TESTTECHNIQUE

Instrumentation

ModelA waseqtippedwitha four-channeltelemeterwhichtransmitted
a centinuousrecordofnormal.andtransverseacceleration,rateofyaw,
andrateofroll. ModelB wasequippedwitha five-channeltelemeter
whichtmsmsmitieda continuousrecordofnormalandtrsmsverseacceler-
ation,rateofyaw,rateofroll,andgyro-wheelspeed.

.---. -J~J-fc
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Themeasuredresponseoftheinstrumentrate~o “usedtomeasure
rateofrollandrateofyawisgivenbelow.

Undsmpednatural.frequency,Critical”damping,
Cps percent

ModelA @del B ModelA ModelB

Rateofyaw 50 75 70 45

Rate ofroll 50 75 70 52

In general,theaccuracyofthetelemetereddataisapproximately2
to 5 percentof“fullscaleifthefrequenciesencount-&eddoaot”exceed
theinstrmmxrtundampednaturalfrequency.

Themodeltrajectorywasdeterminedby a modifiedSCR~ radar
trackingunit.Modelvelocitywasobtainedfroma CWDopplervelocim-
eter.A radiosondereleasedatthetimeofflightmeasuredatmospheric
temperatureandpressurethroughthealtituderamgetraversedby the
models.

Free-FlightandLaunchingConditions

Themodelswereboosted”tosupersonicvelocitiesby a solid-
propellantrocketmotorwhichdeliveredapproximately6,0~ poundsof
thrustfor3.0seconds.,A sustainer,madeasan integralpartofthe
models,deliveredapproximately3,000poundsofthrustfor2.6seconds
sndpropelledmodelA sndmodelB topeakMachnumbersof 2.34and2.37,
respectively.Presentedinfigures16and17 aretheflightthe his-
toriesofvelocity,Machnmiber,anddynamicpressweforbothmodelsA
amilB. Reynoldsnumberbasedonbodylengthis shownplottedagainst
Machnmber infigure18.

Priortotheflighttestofthemodels,the~o wheeloftherol-
leronsonbothmodelswasgivenan initialrotational.speed.Thisinitial
speedgiventhegyrowheelstendedto overcomethestartinginertiaand
frictionofthe~o wheelandthussimulatedmoreaccuratelyanactual
operationalmis6ileairlaunch.Theinitialrotationalspeedofthe
rolleronswasaccomplishedby applyinga sourceofairtoeachofthe
rolleronswhilethemodelwasontheMuncherandallowingthisair

——
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supplytoturntherolleronsuntilthemodelhadmovedclew ofthe
launcher.Resentedh figure19 isa photographofmodelA andbooster
onthelaunchershowingthearrangementusedto applytheairtothe
rolleronspriorto firing.Thelaunchinganglewas600withrespectto
thehorizontal..Gyro-wheelspeedofmodelB is shownh figure17.
Wings ofthemodelswereconductedattheIangleyPilotlessAircraft
ResearchStationatWsllopsIsland,Va.

RESULTSANDDISCUSSION

Ro~ Dynsmic Stability

Therollstabilityofthefree-flighttestmodelsA andB isclearXy
demonstratedby thethe historyofthemodelrollvelocityshownin
selectedportionsofthecontinuous-typetelemeterrecordreproducedin
figures20 .@ 21. W theuncalibratedtelemeter-recordreproductions,the ,
runningvariable,inaJIlcases,istimeandtheuncalibrateddeflection
fromanarbitrsrybaselinerepresentstherelativemagnitudeofthe
measuredquantitiestidicated.Noprogramedmodeldisturbanceswere
generatedduringcoasting;therefore,rolllinnmomentsappliedto the
ndssil.ewerecausedby theaerodynamicout-of-trimconditionduetomodel
constructionasymmetries,gusts,smdinertiacouplingfromothermissile
mcdesofmotion.Thesedisturbanceswereapparentlysufficient,since~
aspredicted,modelA didrevealan inherentdynsmicinstabilitytithe
formofa d~vergentoscillatoryrolloscillationat M = 2.07. The
divergencepro~essedforappro-tely 0.4secondandwasimmediately
followedby a seld?-sustafiedoscillation,characterizedbytwopredominant
frequencies,whichwerepresentfortheranatiderofthemodelflight.
EnvelopeW-amplitude amdfrequencyplotsoftheself-sustatiedoscil-
lation(lowerfrecymmcymodeonly)areshowninfigure22formodelA.
~ genersl,boththefrequencyandoscilldionamplitudedecreasedwith
decreasinglkchnumber.By integrationoftheroll-velocitytimehistory,
theroll-oscillationamplitudewasshowntobe=.5° at M = 1.6-and
*5.00at M = 0.6. No correctionstotheroll-velocityrecordto account
fortheband-yasscharacteristicsoftheinstrwnentationweremadebecause
thefrequenciesencounteredwerewellbelowtheundampednaturalfreq~y
oftheroll-veloci~instrument.

ModelB wasdynamicallystableinrollthroughouttheflightas
illustratedh figure21. SincetheprhsrydifferencebetweenmodelsA
andB wasthesmountofcontrol-surfacedamping,thecompleteelimination
of anyundesirableunstableoscillatorymodescanonlybe attributedto
thiscause.Reexsmlnationofthestabili~boundaryplotsformodelsA
andB (figs.6 to 11)revealsthepossibilityofothersystemmodification -
whichwouldhaveachievedstability.Forexample,iftheoperatingregion
couldhavebeenrotatedb a counterclockwisedirectionby eitheran



.

NACARM L55C22 13

increasein 1$ oradecreaseh ~, thenstableoperationwouldhave

resulted.However,by equation(3), it isseenthata decreaseinthe
missileroll-dsmpingcontributionwouldhavebeenproducedby eitherof
thesesystemmodifications.Obviously,theoptimumdesignisthatwhich
givesthegreatest~ssilerolldampingwithoutenticinga dynamicroll
testabilityby operationtoocloseto an oscillatorystabil.i~boundary.
Forthemissileandcontrol-surfacecent’igurationinvestigated,the
greaterthe‘control-surfacedamping,thegreaterthegyro-wheelangular
momentumpermissibleconsistentwithstability.Sincetherolleron-to-
missileroll-dampingcontributionwaspreviouslyshownto be directly
proportionaltothegyro-wheelangularmomentum,theadditionofcontrol-
surfacedampingwasthemostdesirableandpracticalrolleron-system
modification.

Rol.leronRoll-Dsm@ngEffectiveness

ThemeanrollvelocitiesofmodelsA andB areplottedagainstMach
numberinfigure23. Duringtheself-sustainedrolloscilktionof
modelA, themeanrollvelocityisillustratedsincethisistheeffective
ratewhicheventuallyproducesrotationofthemissilefrcmsomearbitrary
roll.referenceposition.Therolldampingofthemissile-rolleronsystem
cannotbemeasuredwiththeinstrumentationemp~oyedbecausetheapplied
rollingmomentisunknown.Nevertheless,thesetwomodelscouldverywell
be consideredto representtypicalproductionmissilesandsincethe
steady-staterollrateiswithintheassumedrollspecifications,therol-
leronsapparentlydidprovidesatisfactoryrolldsmping.Theoretical
estimatesofthemissile-rolleroncombinationrolldampingindicatea
fivefoldtotenfoldimprovementovertheinherentmissileaerodynamic
roll-dampingwithoutrollerons.

ModelA exhibited.a significantincreasein subsonicrollratewhich
wasnotpresentinmodelB. Thereasonforthiseffectisunknown;how-
ever,rollvelocitiesontheorderof150degreesper.secondto 200degrees
persecondarenotunusuallyhighformissilesofthistypeonwhichno
qualitycontroloftheminimizationofout-of-trimrollingmomentduring
modelconstructionwasundertaken.Becauseofthissituationandsince
thegyro-wheelspeedofmodelA wasnotmeasured,a comparisonofthe.
rolldampingofmodelsA andB onthebasisofthemeasuredrollrateis
notvalid.

RolkronGyro-WheelSpeed

Thegyro-wheelangukrvelocityisplottedagainstMch numberfor
modelB infigme-23. Themagnitudeobtainedontheflighttestwasof
theorderanticipatedanddidnotexceedthemaximumdesignestimates.
A peakangularrateofapproxhnatelyk~,ooorevolutionspertiute whic~
correspondstoa peripheralgyro-wheelvelocityof 590feetpersecond

.-z .—. _____ -.—. — ——— .—— —.-
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resulted.Nomeadngfd correlationofthe~o-wheel speedwithmis-
sileforwardvelocityispossiblewhichwouldallowa designertopredict
transient(asinthisflight)or steady-statewheelratesundera dif-
ferentsetofflightandlauncbhgconditions.Thisisprtiil.ya
consequenceoftheunavoidableandscmewhatcomplexinterdependenceof
~o-wheel aerodynamicandbearingfrictiontorquesaswell.as initial
conditionsonthemissileforwardvelocityand~o-wheel angularspeed.

RolleronLongitudinalCharacteristics

-tative Mormationwasobtaindonthe longitudinaleffectsof
therolleronsfromthenormal-andtransverse-accelerationtimehistories.
ModelA exhibiteda srnnewhatspasmodicvariationofnormalandtransverse
accelerationwithtimedur3ngtheself-sustainedrolloscillation,which
wasatalltimeslessthan2g. (Seefig.20.) A pitchfrequencythat
wasapproximatelyequalto thehigher ofthetwopredominantrollfre-
quenciesdiscerniblewasdetectableontherecord.Apparently,coupling
betweentherollandpitchmodeswasinevidence.ModelB wassubjected
to a slightdisturbancenearsustainer-rocket-motorburnout.(See
fig.24.) Thesourceofthisdisturbanceisnot@own butitmayhave
beenproducedby unevenrocket-propellantburning.Twowell-cleftied
pitchfrequenciesarepresentontherecord,themaximumnormalaccel-
erationbe- lessthan6g. lbthoscillatorymodesarestableand
possessadequatedsmp@. A theoreticallongitudinal-stabilitystudy
offree-floatingpitch-controlsmfaces,reportedinreference4,pre-
dictsthepresenceofthesetwooscillatory modes. Althoughthearrange-
mentofthecontrolsurfacesutilizedamdtheairframeinvestigatedin
reference4 arenotidentical.tomodelsA andB,theresultsobtained
thereinshouldbe indicativesincetherolleron~o wheelsremain
inactivetopitchingmotionforrelativelysmallcontrol-surface
deflections.

J

CONCLUDINGREMARKS

Rolleronsfurnishedeffectiveroll-ratestabilizationonthetwo
resesrchconfigurationstested.Themeasur@meanrollrateonbothmodels
waslessthan1 ratimpersecofi~d tithtitheassumedrollspecifics-
tionsthroughouttheassumedoperatimgflightcoixlitionsofthemissile.
An undesirablyhigh-frequency(30CPS)self-sustainedrolloscillation,
dueprimarilyto a dynamicrollfnstabili@whichwaspredictableon
thebasisoflineartheory,waspresentonthefirstflight-testmodel.
Thisoscillationwaseliminatedon’thesecondmodelflownby onlythe
introductionofdmpingaboutthehingelineofeachrolleroncontrolsur- .
face.Theadditionof control-surfacedampingnotonlyimprovedtheroll
characteristicsbutalsoapparentlypreventedtheoccurrenceof centinuous
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ByMartinL.Nason,ClarenceA. Brown,Jr.,“
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\
mMMARY

A linearstabilityamlysisanda flight-testinvestigationhave
beenperfomnedona rolleron-roll-ratestabilizationsystemfora canard
missileconfigurationthrougha Machnumberrangefrom0.9to 2.3. This
typeofdamperprovidesrolldampingby theactionof~o-actuated
uncoupledwing-tipailerons.A dynamicrollinstabilitypredictedby
theanalysiswasconfirmedby flighttestingandwassubsequentlyelim-
inatedbytheintroductionof control-surfacedmpingabotitherol.leron
hingeline.Thecontrol-surfacedampingwasprovidedby an orifice-t~e
dsmpercontainedwithinthecontrolsurface.Steady-staterollingveloci-
tieswereatalltimeslessthan1 radianpersecondbetweenMachnumbers
of0.9to 2.3ontheconfigurationstested.Aftertheintroductionof
control-surfacedamping,no adverselongitudinaleffectswereexperienced
inflightbecauseofthetendencyofthefree-floatingrolleronsto couple
intothepitchingmotionatthelowanglesq~ attackanddisturbancelevels
investigatedherein. ,&+.&.

... ., ..

\ INTRODUCI!ION

Oneoftheproblemsfrequentlyencounteredinmissiledesignisthat-
ofprovidingadequaterolldsmping.Thisproblemisprimarilya conse-
quenceofthepredominanceoflow-aspect-ratiosurfacesonmissilecon-
figurations.Veryoftenthisproblemis solvedby a se?vamechanismwhich
sensesrollrateandactuatesa controlsurfaceto givethenecessary
damping. Unfortunately,however,theseservomechanismsreqtiretissile
spaceandtheirinherentcomplexitytendsto decreasetheoverallrelia-
bilityofthemissile.Recently,a unique,simple,andpuqelymechanical
rolldsmperwhichrequiresno internalcomponentswasdesignedformissile
applications.(Seeref,1.) Rolldampingisachievedinthissystemby

.
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independentlyactingwing-tipailerohswithenclosedairstream-impelled
roll-rate-sensitivegyrowheels.Thespinaxisofthegyrowheelis
perpendiculartotheplaneofthewingwhentheaileronis intheunre-
flectedposition.Thistypeofrolldamperisreferredto as a rolleron.
A stabilityanalysishasbeenperformedona”canardmissileconfiguration
onwhichthistypeofrolldamperwasinstalled.Inorderto determine

“thevalidityoftheanalyticalappr~chadopted,a flightinvestigateion
wasinitiatedandtworesearchmodelsweresubseqwntlyflown.Data
obtainedfromtheserocket-modeltestsconfirmedtheanalysisandthus
provideda reliabledesignapproachforrol.leron-typedampersonmissile
configurations.

IsmmLS

L, rclltigmoment,ft-lb

H rolkron hinge moment,ft-lb.

Q missilerollsngle,deg

8 rolleronangulardeflection,radians

‘% mesmvalueofmissile

‘o
missilerolldsmping,

rollvelocity,deg/sec

~,
*

ft-lb/radian/sec

h rolleron

% rolleron

% rolleron

controleffectivenessparsmeter, &# ft-lb/radi~

Mnge-momentpsrameter,
%

ft-lb/radian“

control-surfacedamping,
%

ft-lb/radian/sec

loaddisturbanceinroll,f-t-lb

.

.

.
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massofrolleron,slugs

distancefrommissilelongitudinal&s to arbitrarymass
pointh rolleron

distancefromrolleronhingelineto arbitrarymasspoint
inrolleron

distancefrommissilelongitudinalaxistorolleroncenter
. of gravity;ft

distancefromrolleronhingelinetorolleroncenterof
gravity,ft

mass unbalsme psmmeter,J Zddm= mf ~, slug-ft2
R

momentofinertiaofmissileaboutlongitudinalaxis,slug-ftz

momentoftiertiaof,rolleronabouthingeline,slug-ft2

momentof inertiaofroll.erongyrowheel
slug-ftz

gyro-wheelangularvelocity,radiam/sec

aboutspinaxis,

angularmomentumofgyrowheel,

halfamplitudeof self-sustained
deg/sec

frequencyof self-sustainedroll.

Reynoldsnumberbasedonmissile

Machnumber

missilevelocity,ft/sec

IG~, dug-ft2—radian/sec

roll-velocityosciIlat ion,

oscillation,cps

length

dynamicpressure,lb/sqft
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dampingratioof quadraticfactor

body

body

wing

over

cross-sectional

diemeter,0.416

span,l.~ ft

area,0.136ft2

ft

a symboldenotesa derivativewithrespectto

ROLLERONOPERATIONANDMISSILEROLLSPECIFICATION

OperatingPrinciple

time.

!

A diagrammaticsketchoftheroll-controlsystemis showninfiR-
ure1. Thesystemconsistsofanaileronhinged-neartheleadinged~e-.
Enclosedintheaileronisa gyrowheelwiththespinaxisperpendicular
totheplaneofthewingintheundefle$tedaileronposition.Ifthemis-
sileis‘undergoinga rotig velocity@ indicatedbythearrow,the
aileronwillbe subjectedto a gyroscopichingemomentH. Thegyro-
scopichingemomentcausesanailerondeflectionwhichinturncreates
a rollingmoment~ ina directionoppositetotheinitiallyassumed
rollingvelocity@. As a result,resistanceto rollingisproducedand
therolldampingofthemissileisgreaterthantheinherentaerodynamic
rolldampingby ansmountdeterminedby therolleffectivenessofthe
aileron.Obviously,theutilityofthisdsmperisdeterminedbythe
amountofdampingcontributedtothemissilewithoutsimultaneouslyintro-
ducingundesirableeffectsonthelongitudinalmotionandrollstability.

Roll-PerformmceSpecifications

Theassumedroll-performancespecificationsofthemissileconfigu-
rationtestedhereinwhichwillserveasa criterioninevaluatingthe
flight-testdata,are:

(1)Flightcondition:Itis”reqtiredthatthemissileflyat alti-
tudesfromsealevelto 40,000feetandatMachnumbersfrom1.2to 2.5.

(2)Staticcharacteristics:Thesteady-statedampedrollratemust
be lessthan1 radianpersecond.

—— — .— -— .— —— .
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~(3) Dynamic characteristics:Therol.leronsystemmustbe dynamically
stableinthesensethatany”oscillatorymodespresentpossesspositive
***

MODEIS

Detailedsketchesofthetwotestvehiclesemployedinthisinvesti-
gat-ionareillustratedinfigure2 andphotographsofthemodelsarepre-
sentedinfigure3. ModelA (fig.2(a))differsfrommodelB (fig.2(b))
inthata control-surfacedamperabouttheaileronhingelinehasbeen
addedtomodelB. A detaileddiscussionofthedamperdevelopmentand
constructionisincludedina latersection.Missileliftingandcontrol
surfacesareshowninfigure4. .Thecanardsurfaceshad66° 37’ delta-
~ptifo~ tithamdified single-wedgeairfoilsectionofconstant
thiclaless. Wingswereoftrapezoidalplanformwiththeleadingedge
sweptback45°.

Theexperimentallymeasuedmass,inertia,anddsmpingcharacteris-
ticsof eachmcdelwe givenintableI. Slightchangesh theparam-
eters IRf m, and d frommodelA toB weredue“essentiallyto the
rolleronstructuralmodificationsnecessaryto ticreasethecontrol-swface
damping.

Foranalysis
restrictedtotwo
longitudinalaxis

ROLLERON-SYSTEMSTKKCLITYAN&LYSIS

EquationsofMotion

PqOses it is assumed that therollingmotionis
degreesoffreedom:(1)missilerotationaboutthe
# and(2)control-surfacerotationaboutthehinge

line 5● If itis~her’”assumedthattheaerodynamicforcesandmoments
dependlinearlyontheirrespectivevariablesandthattheangularmomen-
tumvectorofthegyrowheelisessentiallyperpendiculartotheplane
ofthewhgj theequationsofmotionmaybe expressedas follows:

Rollingmoment:

$
~ + v 57.3

“—+4L&+4~8+4B@ =lX ._ib
5’7.3

,.—----

(1)
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Hingemomemt:

Thesignconventiondefiningpositivedirections
anglesis showninfigure5. Equation(2)appliesto
ailerons,sinceeachisundergoinga simils.rmotion.

NACARM 155C22

(2)

ofmomentsamd
anyoneofthefour

StaticRelationships

Solvingequations(1)and (2)fortheratioofappliedrolling
moment~ tothesteady-staterollingvelocity(lss,andcontrol-
surfacedeflection5ss,“respectively,results

-L 4&

Thesecondtermontheright-hand

inthefollowingequations:

(3)

(4)

equation(3)is si@fi-
canth thatitrepresentstheroll-dampingcontributionoftherollerons
tothemissileandthepertinentphysicalquantitiesuponwhichitdepends.
ExaminationofthistermMicates thattherollerondamp- contribution
isdirectlyproportionaltothe~o-wheel angularmomentumandtheratio
ofaileronrolleffactiveness~ totheaileron hhge-momentparam-
eter Hb.

Stability-E!oundary(%@.I’tS

Rewritingequations(1).and (2)by us- operatornotationgives

(92-H/)

— .—

_.L+(+12+H&D+HJ,=o

(5)

(6)

——...—.—z ——.—. .-—— .......—— — .
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Thecharacteristic

where

A stableroll

equationis

a&~D2o

systemwtKlexistif,andonlyif,thefollowing

7

(7)

relationshipsbetwe&thecoefficientsofthech&ac&eristicequation(7)
aresatisfied.Seereference2 fora derivationoftheseco,pditiom.

a. >0

a-p’”

a1a2- ao~3>0 (Oscihto~ Std)~~ bomdary)

y-o (Staticstibilitybouudary)

Theactualstabilityboundariesareobtainedby settingtheaboveexpres-
sionsequalto zero.

In figures6 to U. are shownthestability-boumdaryplots,based
upontheabovestabilityconditions,obtainedby usingthemeasurd
rolleroncharacteristicsandtherollinertiaatburnoutofmodelsA
andB givenintableI. Sticeno experimentaldataexistatthepresent
timefortheaerodynamiccharacteristics(%, %,-d Hb~,the_s
werecalculatdwiththeseparametersastheprincipalvzcriables.. Each
figurehasbeenplottedwith ~ astheordinateand ~ astheabscissa
fortheestimatedminimmandmaximummissilerolldamping,‘d = -o.@

,
and->.0ft-lb/radian/secandgyro-wheelspinratesof 101~, 30,~0,
amd70,COOrevolutionsperminute1 k orderto ~icate theeffectof

I

.
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control-surfacedamping,threearbitraryvaluesof ~ wereusedinthe

CdC’lllatiOM> ‘0.@j -0.10,and-O.= (formodelA only)f%-lb/radian/see,
inadditiontotheexperimentallymeasuredcontrol-surfacedampingof
modelsA andB. (Seetable1.) Thedarkenedareaineachfiguredesig- W.
natesthevaluesof Hb and ~ anticipatedfortheoperation.ofthe
missileandwasestimatedfromreference3 andunpublisheddata. In
tableIIareshownesthmtedvaluesof Czb, Czp,and C% forthree

Machnumbers.A slightincreaseinthedarkenedareadefinedby this
referenceandtheunpublisheddatawasarbitrarilymadeto accountfor
unlmownfactors.

In general,forbothmodels.A andB a stablesystanexistsforsmall
valuesofcontrol-surfacedampingifthepyro.wheelspeedis sufficiently
low. As thegyro-wheelspeedisincreased,theoperatingregionofthe
missileliespracticallywitlxlnthedynamicallyunstableregionforrela-
tivelylowvaluesof control-surfacedsmping.Ibrhighertiues of
control-s~acedamping,stabilityisachievedonbothmodelsatthe
highestgyro-wheelratesshown.Thus,fora givensmountof control-
surfacedsmping,thereissmultimate13mitofwheelspeed~orresponding
withstabilityformodelsA andB. Consequently,thesteady-stateroll-
a~ contrib~ionoftherollerontothemissiledefinedin equation(3)
isrestrictedby dynamicstabilityconsiderations.

Theoscillatorystabilityboundariesdrawnfortheexperimentally
measuredcontrol-surfacedampingofmodelsA andB areshowninfigures6
to llby a solidline.ModelA haslessthanthenecessarydampingfor
stabilityasevidencedby therespectivepositionsoftheoscillatory
boundaryandtheoperatingregion.AdequatedampingispresentinmodelB. . sincetheest@atSdop~~tingregionlieswithinthestableregiondefined
by theconditionsof stability.’It shouldbe notedthatthepositionof
thestaticstabilityboundaryisindependentofthecontrol-surface
dsmpingandthatthemissileinherentrolldampingL= hasonlya slight

$
effectonthedynamicrollstabilityoftheroll.eronsystem.

ROLLERON-DAMI!ERDESIGN

Viscous-!@peDsmper

PreMninarydesignoftherollerondamperformodelB centeredon
a viscoustype. h ordertoprovidecontrol-surfacedamping,thisdevice
utilizedfluidina gapbetweena shaftrigidlyconnectedtothetig
andthe.cylindricalrolleronhousing.A gapofO.CXllinch,togetherwith 3
thehighestviscositysiliconefluidavailable(105centistokes),provided

.
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a control-surfacedampingofonly-0.06ft-lb/radisn/sec.
problm associatedwiththesmallgapfurthercomplicated
thisdevice.

9

Misalinatlent
theuseof

orifice-meDamper

l?haldesignoftheorifice-typerollerondamperformodelB is
sho~min figures12and13. Whentherol.leronisdeflected,fluiddamping
isobtainedby restrictingtheflowthroughthetwoorificesformedby
an O.001-inchgapbetweenthevaneshaftrigidlyfastenedtothewing
andthehife edgesofthevee=insertsmountedinsidetherolleroncylti-
driCd housing.Eachorificehada designareaofo.m162squareinch;
however,norigidcontqolofthe’toleranceson themachineworkforthe
componentswasmadeandfi$is esthatedthatactualorificesreaplus
leakagearoundthevsmeandvee-blockendsvariedthedesignvalueby
approximately25percent.Thevaneshaftwastaperpinnedto thewing
atbothendsandpositioningoftheroll.eronontheshaftwasaccomplished
bymesasof shimsat eachend. Leakagewascontrolledby conventional
O-ringseals.A specialtoolwasrequiredforinstallationofthevee-
tisertstomaintaintheproperslinement.

Selectionoftheviscosityofthedamperfluidforthisunitwas
madeonthebasisof elhinathganyspringeffectsduetotheflexibility
ofthewe shaft,sincetherolleronhinge-momentparameter~ isthe
sm oftheaerodynamicanddamperinternalspringforce.ti orderto
simplifytherolll.eroninstallationprocedure,theviscosityofthedamper
fluidwasstandardiz~forthefourunits.Othertestsindicatedthat
themachinetolerancesemployedwereadequatefortherangeofviscosities
presentlyavailableinthesiliconefluids.

ExperimentalTechniquesadMeasurements

Theeffectivenessofthedamperswasascertainedby,experimental
measur~ent.Thelaboratorytestrigusedis shownh figure14. The
expertientaltechniquewasbasedonthefolIhwingasswnptions:

(1)Theroll.eronmotionwasconfinedto one~egree-of-freedom
rotationaboutthehingeline.

(2)Therolleron,whenspringrestrainedanddamped,canbe repre-
sentedby a linearsecond-ordersystem.

Thevaluesof I% werecalculatedfromtherelationship

{

%where 2 — equaled0.25forallthetestruns. Thedamping
lR

●

ratio ~

.- —. .—..— .-. —. ..—
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wasobtainedby comgmrisonof.thesystemtransientresponsewithtypical
responsecurvesof second-ord=systemsto step-functiondisturbances.
Admittedly,thefinaldamperdesi~edformodelB isnota lineardevice;
however,benchtestsappeartovalidatetheuseoflineartheoryfor
designpurposes..

Onthebasisoflaboratorytests,siliconefluidwitha viscosity
of20,0~ centistokeswasselectedas approachingthedampingspecified.
TransientresponsesoftherolleronsinstalledonmodelB, subsequent
to an tiitielldeflectionof10°,areshowninfigure15. Theaverage
valueof Hg = -0.21ft-lb/radian/sec.forthefourrolleronsmeetsthe
dampm reqtiemats. Rolleronnmber 4 exhibitedtheleastdamptng,
probablybecauseof lsrgw tolersmcesin construction;however,theshape
ofthetransientresponseisan excellentillustrationto substantiate
thelineer-second-order-systemassmption.!Cheresponseofrolleron
number1 impliesa higherorderresponseandisattributedto gloser
constructiontolerances.Furthertestswithhigherviscosityfluids
aggravatedthistypeofresponse,whichwasapparentlycausedby a second
springconstantintroducedby a lackofrigidi@ofthevaneshaft.
Rollerons2 and3 exhibiteda dampingratiogreaterthanunity.

l&periencewiththeorificedampershowedno lossof effectiveness
dueto leakageovera periodofmorethantwomonths,whentherollerons
remainedlockedinthestreamlinepositi’on.Testsindicatedthatthe
rigidityofthevaneshaftshouldbe increasedforfutureuseofthis
deviceifgreaterdamp@ isdesired.

MeasurementsontherolleronsofmodelA,whichdidnothaverolleron
dampers,obtainedby us- thetechniquedescribedaboveindicatedthat
a control-surfacedsmpingof -0.0036ft-lb/rsdian/seccouldbe used
torepresentthehinge-ptifrictionforpurposesofroll-systemstability
calculations.

MODELI?IWHT-TESTTECHNIQUE

Instrumentation

ModelA wasequippedwitha four-channeltelemeterwhichtransmitted
a centinuousrecordofnormal.andtransverseacceleration,rateofyaw,
andrateofroll. ModelB wasequippedwitha five-channeltelemeter
whichtmsmsmitieda continuousrecordofnormalandtrsmsverseacceler-
ation,rateofyaw,rateofroll,andgyro-wheelspeed.

.---. -J~J-fc
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Themeasuredresponseoftheinstrumentrate~o “usedtomeasure
rateofrollandrateofyawisgivenbelow.

Undsmpednatural.frequency,Critical”damping,
Cps percent

ModelA @del B ModelA ModelB

Rateofyaw 50 75 70 45

Rate ofroll 50 75 70 52

In general,theaccuracyofthetelemetereddataisapproximately2
to 5 percentof“fullscaleifthefrequenciesencount-&eddoaot”exceed
theinstrmmxrtundampednaturalfrequency.

Themodeltrajectorywasdeterminedby a modifiedSCR~ radar
trackingunit.Modelvelocitywasobtainedfroma CWDopplervelocim-
eter.A radiosondereleasedatthetimeofflightmeasuredatmospheric
temperatureandpressurethroughthealtituderamgetraversedby the
models.

Free-FlightandLaunchingConditions

Themodelswereboosted”tosupersonicvelocitiesby a solid-
propellantrocketmotorwhichdeliveredapproximately6,0~ poundsof
thrustfor3.0seconds.,A sustainer,madeasan integralpartofthe
models,deliveredapproximately3,000poundsofthrustfor2.6seconds
sndpropelledmodelA sndmodelB topeakMachnumbersof 2.34and2.37,
respectively.Presentedinfigures16and17 aretheflightthe his-
toriesofvelocity,Machnmiber,anddynamicpressweforbothmodelsA
amilB. Reynoldsnumberbasedonbodylengthis shownplottedagainst
Machnmber infigure18.

Priortotheflighttestofthemodels,the~o wheeloftherol-
leronsonbothmodelswasgivenan initialrotational.speed.Thisinitial
speedgiventhegyrowheelstendedto overcomethestartinginertiaand
frictionofthe~o wheelandthussimulatedmoreaccuratelyanactual
operationalmis6ileairlaunch.Theinitialrotationalspeedofthe
rolleronswasaccomplishedby applyinga sourceofairtoeachofthe
rolleronswhilethemodelwasontheMuncherandallowingthisair

——
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supplytoturntherolleronsuntilthemodelhadmovedclew ofthe
launcher.Resentedh figure19 isa photographofmodelA andbooster
onthelaunchershowingthearrangementusedto applytheairtothe
rolleronspriorto firing.Thelaunchinganglewas600withrespectto
thehorizontal..Gyro-wheelspeedofmodelB is shownh figure17.
Wings ofthemodelswereconductedattheIangleyPilotlessAircraft
ResearchStationatWsllopsIsland,Va.

RESULTSANDDISCUSSION

Ro~ Dynsmic Stability

Therollstabilityofthefree-flighttestmodelsA andB isclearXy
demonstratedby thethe historyofthemodelrollvelocityshownin
selectedportionsofthecontinuous-typetelemeterrecordreproducedin
figures20 .@ 21. W theuncalibratedtelemeter-recordreproductions,the ,
runningvariable,inaJIlcases,istimeandtheuncalibrateddeflection
fromanarbitrsrybaselinerepresentstherelativemagnitudeofthe
measuredquantitiestidicated.Noprogramedmodeldisturbanceswere
generatedduringcoasting;therefore,rolllinnmomentsappliedto the
ndssil.ewerecausedby theaerodynamicout-of-trimconditionduetomodel
constructionasymmetries,gusts,smdinertiacouplingfromothermissile
mcdesofmotion.Thesedisturbanceswereapparentlysufficient,since~
aspredicted,modelA didrevealan inherentdynsmicinstabilitytithe
formofa d~vergentoscillatoryrolloscillationat M = 2.07. The
divergencepro~essedforappro-tely 0.4secondandwasimmediately
followedby a seld?-sustafiedoscillation,characterizedbytwopredominant
frequencies,whichwerepresentfortheranatiderofthemodelflight.
EnvelopeW-amplitude amdfrequencyplotsoftheself-sustatiedoscil-
lation(lowerfrecymmcymodeonly)areshowninfigure22formodelA.
~ genersl,boththefrequencyandoscilldionamplitudedecreasedwith
decreasinglkchnumber.By integrationoftheroll-velocitytimehistory,
theroll-oscillationamplitudewasshowntobe=.5° at M = 1.6-and
*5.00at M = 0.6. No correctionstotheroll-velocityrecordto account
fortheband-yasscharacteristicsoftheinstrwnentationweremadebecause
thefrequenciesencounteredwerewellbelowtheundampednaturalfreq~y
oftheroll-veloci~instrument.

ModelB wasdynamicallystableinrollthroughouttheflightas
illustratedh figure21. SincetheprhsrydifferencebetweenmodelsA
andB wasthesmountofcontrol-surfacedamping,thecompleteelimination
of anyundesirableunstableoscillatorymodescanonlybe attributedto
thiscause.Reexsmlnationofthestabili~boundaryplotsformodelsA
andB (figs.6 to 11)revealsthepossibilityofothersystemmodification -
whichwouldhaveachievedstability.Forexample,iftheoperatingregion
couldhavebeenrotatedb a counterclockwisedirectionby eitheran
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increasein 1$ oradecreaseh ~, thenstableoperationwouldhave

resulted.However,by equation(3), it isseenthata decreaseinthe
missileroll-dsmpingcontributionwouldhavebeenproducedby eitherof
thesesystemmodifications.Obviously,theoptimumdesignisthatwhich
givesthegreatest~ssilerolldampingwithoutenticinga dynamicroll
testabilityby operationtoocloseto an oscillatorystabil.i~boundary.
Forthemissileandcontrol-surfacecent’igurationinvestigated,the
greaterthe‘control-surfacedamping,thegreaterthegyro-wheelangular
momentumpermissibleconsistentwithstability.Sincetherolleron-to-
missileroll-dampingcontributionwaspreviouslyshownto be directly
proportionaltothegyro-wheelangularmomentum,theadditionofcontrol-
surfacedampingwasthemostdesirableandpracticalrolleron-system
modification.

Rol.leronRoll-Dsm@ngEffectiveness

ThemeanrollvelocitiesofmodelsA andB areplottedagainstMach
numberinfigure23. Duringtheself-sustainedrolloscilktionof
modelA, themeanrollvelocityisillustratedsincethisistheeffective
ratewhicheventuallyproducesrotationofthemissilefrcmsomearbitrary
roll.referenceposition.Therolldampingofthemissile-rolleronsystem
cannotbemeasuredwiththeinstrumentationemp~oyedbecausetheapplied
rollingmomentisunknown.Nevertheless,thesetwomodelscouldverywell
be consideredto representtypicalproductionmissilesandsincethe
steady-staterollrateiswithintheassumedrollspecifications,therol-
leronsapparentlydidprovidesatisfactoryrolldsmping.Theoretical
estimatesofthemissile-rolleroncombinationrolldampingindicatea
fivefoldtotenfoldimprovementovertheinherentmissileaerodynamic
roll-dampingwithoutrollerons.

ModelA exhibited.a significantincreasein subsonicrollratewhich
wasnotpresentinmodelB. Thereasonforthiseffectisunknown;how-
ever,rollvelocitiesontheorderof150degreesper.secondto 200degrees
persecondarenotunusuallyhighformissilesofthistypeonwhichno
qualitycontroloftheminimizationofout-of-trimrollingmomentduring
modelconstructionwasundertaken.Becauseofthissituationandsince
thegyro-wheelspeedofmodelA wasnotmeasured,a comparisonofthe.
rolldampingofmodelsA andB onthebasisofthemeasuredrollrateis
notvalid.

RolkronGyro-WheelSpeed

Thegyro-wheelangukrvelocityisplottedagainstMch numberfor
modelB infigme-23. Themagnitudeobtainedontheflighttestwasof
theorderanticipatedanddidnotexceedthemaximumdesignestimates.
A peakangularrateofapproxhnatelyk~,ooorevolutionspertiute whic~
correspondstoa peripheralgyro-wheelvelocityof 590feetpersecond

.-z .—. _____ -.—. — ——— .—— —.-
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resulted.Nomeadngfd correlationofthe~o-wheel speedwithmis-
sileforwardvelocityispossiblewhichwouldallowa designertopredict
transient(asinthisflight)or steady-statewheelratesundera dif-
ferentsetofflightandlauncbhgconditions.Thisisprtiil.ya
consequenceoftheunavoidableandscmewhatcomplexinterdependenceof
~o-wheel aerodynamicandbearingfrictiontorquesaswell.as initial
conditionsonthemissileforwardvelocityand~o-wheel angularspeed.

RolleronLongitudinalCharacteristics

-tative Mormationwasobtaindonthelongitudinaleffectsof
therolleronsfromthenormal-andtransverse-accelerationtimehistories.
ModelA exhibiteda srnnewhatspasmodicvariationofnormalandtransverse
accelerationwithtimedur3ngtheself-sustainedrolloscillation,which
wasatalltimeslessthan2g. (Seefig.20.) A pitchfrequencythat
wasapproximatelyequalto thehigher ofthetwopredominantrollfre-
quenciesdiscerniblewasdetectableontherecord.Apparently,coupling
betweentherollandpitchmodeswasinevidence.ModelB wassubjected
to a slightdisturbancenearsustainer-rocket-motorburnout.(See
fig.24.) Thesourceofthisdisturbanceisnot@own butitmayhave
beenproducedby unevenrocket-propellantburning.Twowell-cleftied
pitchfrequenciesarepresentontherecord,themaximumnormalaccel-
erationbe- lessthan6g. lbthoscillatorymodesarestableand
possessadequatedsmp@. A theoreticallongitudinal-stabilitystudy
offree-floatingpitch-controlsmfaces,reportedinreference4,pre-
dictsthepresenceofthesetwooscillatory modes. Althoughthearrange-
mentofthecontrolsurfacesutilizedamdtheairframeinvestigatedin
reference4 arenotidentical.tomodelsA andB,theresultsobtained
thereinshouldbe indicativesincetherolleron~o wheelsremain
inactivetopitchingmotionforrelativelysmallcontrol-surface
deflections.

J

CONCLUDINGREMARKS

Rolleronsfurnishedeffectiveroll-ratestabilizationonthetwo
resesrchconfigurationstested.Themeasur@meanrollrateonbothmodels
waslessthan1 ratimpersecofi~d tithtitheassumedrollspecifics-
tionsthroughouttheassumedoperatimgflightcoixlitionsofthemissile.
An undesirablyhigh-frequency(30CPS)self-sustainedrolloscillation,
dueprimarilyto a dynamicrollfnstabili@whichwaspredictableon
thebasisoflineartheory,waspresentonthefirstflight-testmodel.
Thisoscillationwaseliminatedon’thesecondmodelflownby onlythe
introductionofdmpingaboutthehingelineofeachrolleroncontrolsur- .
face.Theadditionof control-surfacedampingnotonlyimprovedtheroll
characteristicsbutalsoapparentlypreventedtheoccurrenceof centinuous

@E=- “’-G
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high-frequencypitchingoscillations,whichwerepresemtduringthe
self-sustainedrolloscillationexperiencedonthemodeltestedwithout
dsmpers. ,

Systemmodifications,otherthanthecontrol-surfacedmqdnginves-
tigatedherein,mighthaveeliminatedtheobjectionablehigh-frequency
self-sustainedrolloscillationbutmayhaveresultedinsmallersteady-
staterolldampingoftheoverallmissile-rolleronroll-ratestabiliza-
tionsystem.Furtherresearchwouldbe necessarytoestablishthe
advantagesandsuitabilityofothermodifications.Theapplicability
ofrolleronsto othersimilarmissileconfigurationsasa meansof
improvingthe-inherentrolldsmpingcouldbeascertained,witha fair
degreeofreliability,by thestability-analysismethodsemployedherein
forthedetectionsadsuppressionofanundesirabledynamicroll
instability.
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TABLEI

MISSANDINERTIACHARACTERISTICS

(a)Rocketmcdels

Take-offweight,lb . . . . . . . .
Burnoutweight,lb...... . . .
Take-offmass,slugs. . . . . . . .
Burnoutmass,slugs . . . . . . . .
Take-offcenter-of-gravi@location

(measured fm.u nose),in. . . . .
Burnoutcenter-of-grati@location
(measuredfrcrnnose),in. . . . .

Iy (burnout),shq&ft2- . - . . . .
Ix (burnout),slu&ft2. . . . . . .

. .

. .

. .

. .

. .

. .

. .

. .

.

(b)Rollerons

Mel A

148.5
l~. o
4.61
3.26

55.63

49.75
31.08
0.30

NACARM L55C22

ModelB

lkg.2
108.5
4.64
3*37

56.72

51.30
30.17
0.30

I Mdel A I MdelB I
~R,Sh@t2. .. . . . . . . . . . .
I@slug-ft2. . . . . . . . . . . . ●

In,slug . . . . . . . . . . ..***
Z,ft . . . . . . . . . . . . . . . .
& ft . . . . . . . . . . . . ..*.
~a@ ft-lb/radian/sec. . . . . . . .

0.000705
0.000198

0.0310
o.~
0.129

-o.m36

O.oocwg
o●000205

0.0297
0.775
0.148
-0.21

.

u
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TABLEII

ESTIMATEDAERODYNAMICCOEFFICIENTSOFROCKETMODELS

M %5 c2p %

1.2 0..74 -6.73 -0.14

1.6 .53 -6.61 -.31

2.0 .41 -5.66 -.27

17
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Figure6.-
surface
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Stabillty-boundaryplotsshowingtheeffectof contzrol-
amdfissile-rolldampingformodelA at a .gro-wheelspeed

of10,000revolutionsperminute.
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(a) y = -0.05ft-lb/radian/see..

-!000 -500 0 500 1000 1500 2000
LB ,ft -lb /radian

(b) ~= -5.0 ft-lb/radian/see.

Figure7.- Stabili@-boundaryplots showingtheeffect of control-
surfaceand missile-rolldampingformcdelA ata gyro-wheelspeed
of30,000revolutionsperminute. ,
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- l?igme8.- Stability-boundaryplots showingthe effect of control-
surfaceandmissile-roll .dsxcpingfor mcdelA at a ~o-wheel speed
of 50,000revolutionsperniinute.
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of10,000revolutionsperminute.
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Figure10.- Stabil.i&-%oundaryplotsshowingtheeffectof control-
surfaceandmissile-rolldampingformdel B ata ~o-wheel speed
of30,COOrevolutions~r minute.
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